Abstract-An innovative interpretation of the per-unit IPM machine model named as Design Space is presented in this paper. Based on the proposed Design Space formulation, a compute effective method to predict the IPM machine performance such as current and power factor in full speed range is proposed. A systematic methodology is summarized, which translates the full speed range machine design procedure into the region determination on the so-called Design Space. The effect of dc-link voltage is also analyzed in a similar manner with current and power factor. A series of IPM motors have been designed, and a preferred motor is selected with the help of the proposed Design Space Methodology (DSM), which has the best tradeoff between the nominal voltage and the dropped voltage condition. Experiment results show that, the selected motor satisfy the machine requirements and all the design constrains, such as the current and back-emf limitations.
INTRODUCTION
The usage of interior permanent magnet motors (IPM) in traction application is increasing constantly despite of the resent uncertainty with the availability of the RE permanent magnets raw materials. The most important reason for that may be the superior performance with the IPM machines, such as excellent field-weakening capability, high efficiency and the supplemented reluctance torque.
However, the unchangeable excitation of the permanent magnet making the IPM machine parameter selection a challenge job. Excellent works have been done regarding to this topic [1] [2] [3] [4] . Nevertheless, methods proposed in literature are more or less complex to aid the parameter selection procedure. Experienced designer is still needed to obtain appropriate machine key parameters. Some other works proposed previously are straight forward, but can only handle the parameter selection for a single working point. A method with the capability to parameter selection with respect to the full speed range and is compute effective is hardly seen until now.
An innovative interpretation of the per-unit IPM machine model is given in the paper, which is named as Design Space. Based on the proposed Design Space formulation, a compute effective method to predict the IPM machine performance such as current and power factor in the full-speed range is given. A systematic methodology is summarized, which translate the full speed range machine design procedure into the region determination on the so-called Design Space. The effect of dc-link voltage variation to the machine performance is considered to some extends.
The requirements and constrains of the IPM motor in a typical traction application is summarized firstly, which forms the boundary of the final parameter region. The Design Space Methodology (DSM) is built-up from the third section.
The formulas in DSM are derived, and key concepts such as unity design space and general design space is given in this section. The effect of dc-link voltage is presented as well.
In the fourth section, a systematic procedure is given with the help of the formulas in DSM, which is used to determine the proper sets of parameter to fulfill the requirements and constrains descripted in section II.
In the fifth section, a series of IPM motors have been designed, and a preferred motor is selected with the help of the proposed Design Space Methodology (DSM), which has the best tradeoff between the nominal voltage and the dropped voltage condition. Experiment results show that, the selected motor satisfy the machine requirements and all the design constrains, such as the current and back-emf limitations.
II. REQUIREMENTS AND CONSTRAINS OF A TYPICAL TRACTION APPLICTION
IPM motor used in traction application will face quite different requirements and constrains from those in pump and fan. A typical curve demonstrates this is FreedomCAR target of US DOE [5] . There are some key points in the curve. The first is the corner speed, which is defined as the threshold speed from where the power requirement keeps constant. The second one is the maximum speed. The ratio of the two speeds is called constant power speed range (CPSR). A typical CPSR in a traction application is larger than 3~4. The third point is the peak power point, where peak torque is needed for a very short duration.
Duo the great portion of the inverter cost in a traction system, the current and voltage rating of the power module in an inverter is strictly constrained. As a result, a certain current limit is imposed to the accompanying motor. A typical value of it is 2~3 times of the nature current of the peak power.
According to works in literature [6] , the back-emf at the maximum speed must be limited to a value to consider the safety issue during the inverter failure.
The power versus speed requirement and all the design constrains descripted previously are summarized in Table I , which is a fixture of the US DOE target and the domestic requirement. 
III. DESIGN SPACE METHODOLOGY
In this section, the Design Space Methodology (DSM) is built-up from ground, begins with a new interpretation of the per-unit IPM machine model. The introduction of the per-unit system brings two aspects of benefits. The first one is making the resulting formulation a general manner. What's more important, the effect of working point switching can be seen equivalent to parameter variation.
A. Per-unit IPM model
A traditional dq-axis model of IPM machine is listed in (1) to (4) . ξ is the saliency ratio. ω e is the angular speed measured in electrical degree. p is pole number of the motor. Other quantities are self-explainary.
The base value of power, voltage and speed can be choose independently, denoted as P B , u B and n B . And the other quantities can be expressed by them. The relationships between the base values are summarized from (5) to (8).
The per-unit IPM dq-axis model with the base value system defined previously can be derived accordingly, and listed from (9) to (12).
( ) 
Compared the per-unit model with the original one, it can be conclude that, the basic format keep unchanged, except a few coefficients altered.
When the base value of power, voltage and speed are chosen as the peak power requirement, the corner speed and the nominal dc-link voltage divided by 2.34, some meaningful knowledge can be summarized as follow: Current equals to 1 means the current needed to meet the power requirement equals to the natural current for peak power.
The speed equals to the CPSR with respect to the corner speed. PM flux linkage equals to 1 means the line to line back-emf at base speed equals to the dc-link voltage.
The inductance equals to 1 means when the d-axis current equals to natural current, the line to line q-axis armature emf at base speed equals to the dc-link voltage.
B. General Design Space
The idea behind Design Space (DS) originates from the per-unit IPM model.
If the power required at certain speed and certain dc-link voltage is specified, the current needed is exclusively determined. When the dc-bus voltage is high enough to support the power, the maximum torque per ampere (MTAP) algorithm is used to keep the current unique.
Thus, the current can be expressed by the working conditions (power, speed and voltage) and three key machine parameters, denoted in (13). The power factor can be expressed in the similar manner, such as (14).
The Design Space proposed is defined as the relationship between the performances (such as current and power factor), the requirements/constrains (such as power, speed and dc-link voltage) and machine parameters, denoted by DS.
The subscript of DS specifies the requirements and constrains, while the superscripts shows the type of performance the DS function calculates.
From the expression in (13) or (14), it can be concluded that, each Design Space is a 4-D surface from a geometric view, and there are infinite numbers of such surfaces, corresponding to the number of working points, making the performance calculation time-consuming, same as those methods in literature [1] to [4] .
C. Unity Design Space
The unity design space is the expression where all the required power and speed equals to 1 p.u. and the supplied dc-link voltage equals to 1 p.u. as well. The unity design space is denoted by 1, 1, 1 DS .
The unity DS of current is drawn in Fig (2) . As a DS is a 4-D surface, cannot be drawn directly, a projection to the plane perpendicular to the axis of saliency ratio is used instead. From Fig (2) it can be seen that, each point in DS is a combination of machine parameter. The current for that parameter combination can be calculated from the value-lockup in the picture.
The unity DS is divided into 4 distinct regions. Region I is the non-flux weakening region, means if the machine parameters are designed in that region, flux weakening algorithm is not needed to satisfy the power requirement under the supplied dc voltage. Region II and III are the flux weakening region, but have different dependency on the parameters. Region IV is called invalid region. Parameter combination in that region should be avoided. Such combination will make the power of the motor can't meet the power requirement at the specified speed. The effect of parameter variation to the motor performance can be clearly seen from the diagram of the unity DS.
The actual power of the unity DS is that the performance under other working conditions can be calculated through a similar way, with the help of (15) and (16).
In the paper, the working point is expressed by a 2-D point, denoted as (P,n), meaning the power at the working point is P, and the speed equals to n, both of them are in per-unit system. The parameter combination is expressed by a 3-D point, denoted as (λ m , pu ,l d,pu ,ξ). The meaning of it is self-explainary.
pu pu
Equations (15) and (16) are the most important formulas in DSM, which makes the DSM different than the method in previous works.
For example, if the selected parameter combination is (0.4,0.8,1), namely the blue square in Fig. 2 , the current at the working points (1,1) is about 1.25, which is expressed by 
which is the red square in Fig. 2 .
D. Current trajectory in unity DS
This section demonstrates the power of DSM through current trajectory calculation for arbitrary power curves and arbitrary parameter combinations.
The current trajectories for parameter combination (0.4,0.8,1) to satisfy power curves in Fig. 3 are drawn in Fig4. The most common type of power curve for traction motor is constant torque curve below corner speed, and constant power curve above corner speed, like the red solid line in Fig.  1 . If the base value of speed is selected as corner speed, and the base value of power is selected as the power at the corner speed. The parameter trajectory in unity DS for parameter (λ 0 ,l 0 ,ξ 0 ) corresponding to the above mentioned power curve is expressed by (17).
It can be observed that, the constant power curve is translated to a straight line in unity DS starting at point (λ 0 ,l 0 ), and the constant torque curve becomes a square root function ending with the same point.
The current trajectory for that parameter combination can be easily obtained through the value of current contours in unity DS under the curve expressed by (17) . No more calculation is needed except the single database behind the unity DS diagram. Caution should be taken to the power amplifier in front of current value obtained, such as in (15). 
E. Power factor trajectory in Unity DS
The method for obtain the power factor trajectory is basically the same as the current. What's more convenient is duo to the dimension-less nature of the power factor, no more additional amplifying is needed to get the right value like the sense for current.
The power factor trajectories for the same situation in Fig. 4 and 5 are given in Fig. 6 and 7 respectively. 
F. Effect of dc-link voltage variation
The supplied voltage to IPM machine in traction application is not actual constant but with small ripple and even mild disturbance in some situations. So the prediction of the effect of such variation in the amplitude of the dc-link voltage on the motor performance is of great importance.
This effect can be easily handled by unity DS in a similar manner to the working point shifting, expressed in (18).
With the help of (18) and (19), the effect of dc-link voltage variation to the current and power factor can be evaluated. ±25% of voltage variation is assumed. Fig 8 shows the sequences of the voltage variation with the machine parameter is designed as (0.4,0.5,1). It can be clearly seen that, the parameter trajectory under 85% voltage goes into the invalid region on the unity DS, meaning that the power requirement can't be satisfied at high speed, which is proved in the current trajectory in the right side of Fig.8 . 
IV. PARAMETER REGION DETERMINATION USING DSM
The unity DS can handle the working condition switching and dc-link voltage variation in a straight-forward and compute-effective manner as demonstrated in the preceding sections.
In this section, a systematic procedure using unity DS to determine the parameter region to fulfill the requirements like those in Table I is presented.
A. Base value system selection
The base value system is selected as those in Table II . The requirements and constrains are expressed in the resulting per-unit system and summarized in the same table. 
B. Parameter selection without considering dc-voltage variation
The solution of the following equations forms the boundary of the final parameter region to fulfill the requirements in Table II . During analysis, saliency ratio equals to 2 is assumed. Equation (20) represents the back-emf limit in high speed, and the other two represent the current limit for the invertor. 
C. Parameter selection considering dc-voltage variation
When the dc-link voltage is variable in the range in Table  II , the final parameter region is determined by (20), (23) and (24).
The blue region in Fig.9 is the appropriate parameter region when the dc-link voltage drops 12.5%, and the area covered by red square is the region corresponding to nominal voltage. It is clearly seen that, when the voltage drops, the reasonable region for IPM parameters shrinks to some extent. From the preceding sections, it can be seen that the DSM is both useful and compute-effective to determine the proper parameter region to fulfill the requirements and constrains for a traction motor. But the tool is not a complete design software package. A series of formulas based on magnetic circuit method as well as automation scripts are used to get the final design of an IPM, including the winding layout, lamination geometry, and other dimensions.
To validate the DSM proposed in this paper, a series of IPM machines are designed to fulfill the design target in Table II . The formulas and scripts mentioned in the previous paragraph are used to get a near optimal design, including winding layout and lamination geometry. All the design parameters except the number of conductors in one slot are kept same. Main parameters are summarized in Table III , and the lamination of stator and rotor are presented in Fig.10 . The parameters of the three IPM machines together with its per-unit value are given in Table IV . And the location of the three machine are plot on unity DS in Fig.11 along with the pre-selected parameter region in Fig.9 . It's clearly seen that, Motor C is located outside the region predicted by DSM when the supplied voltage dropped 12.5%. The current trajectories in Fig.12 prove that.
Motor C has nearly constant current trajectory during full speed range and the amplitude of current is the lowest among the 3 prototypes. But when the voltage variation is considered the Motor C is not a good design duo to its performance above 2.1 p.u. speed (corresponding to 5250rpm). Motor B is selected as the final design for it has best tradeoff between nominal voltage and low voltage conditions. A compute-effective tool called Design Space is proposed in the paper, which is originated from an innovative interpretation of the IPM model in per-unit system. A systematic procedure summarized as design space methodology (DSM) is given. All important formulas of DSM are derived thoroughly. The DSM can handle the effect of machine parameter changing, working points switching and dc-link voltage variation in a similar and straight forward manner. A series prototype has been designed, and a preferred design is selected with the help of DSM. Test result validates the effectiveness of DSM.
